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ABSTRACT 
 Sediment pulses in river systems can result in massive inputs of sediment compared to 
background transport rate. Large floods, on the other hand, temporarily bolster a river’s sediment 
transport ability. Both phenomena occurred in the Sullivan Creek watershed of northeastern 
Washington within the span of a few months. The removal of the Mill Pond dam (a ~17 m tall 
impoundment dam) generated a sediment pulse, and was shortly followed by a large freshet 
flood, with a return interval estimated to be between 10 and 50 years. To understand the nature 
of the stream’s response to these events, I took advantage of two close-range remote sensing 
techniques, terrestrial LiDAR (TLS) and Structure-from-Motion (SfM). Data collected during 
two subsequent summers enabled me to map two reaches of Sullivan Creek and detect and track 
morphological change that took place between the surveys. I also carried out a comparative 
analysis of the capabilities of both techniques and assessed their compatibility for data fusion. 
Although other studies have successfully conducted fusion of these data types, the characteristics 
of the study site presented various challenges that complicate both data collection and quality. I 
found that, because of the presence of high canopy, extensive vegetation, and wood, TLS 
exhibits superior performance over SfM in the subaerial environment, by generating accurate 
“bare earth” topography. SfM can, on the other hand, generate bathymetric data, critical for the 
understanding of bed changes within the wetted channel. I found that, like other studies of 
sediment pulses, the channel bed reacted by fining substantially. However, even though I 
detected some substantial channel changes, the study stream did not experience massive 
aggradation or transformation of reach-scale morphology to the degree reported in many other 
channels subject to sediment pulses, including cases of other dam removals. Similarly, the extent 
of channel erosion in Sullivan Creek was much less than what would be expected given the 
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magnitude of the freshet flood. These findings may provide insight into the morphological 
adjustments generated by future dam removals, especially under extreme flow conditions.  
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CHAPTER 1: GENERAL INTRODUCTION 
1.1. EPISODIC SEDIMENT SUPPLY: SEDIMENT PULSES AND DAM REMOVALS 
The balance between sediment supply from the watershed and transporting capacity of 
the flow is the fundamental control on river processes and morphology (Church, 2015, 2006, 
2002; Montgomery and Buffington, 1997). Research carried out over the last four decades has 
refined our understanding of how channel behavior and characteristics adjust to changes in 
sediment supply relative to a channel’s ability to evacuate it. Low sediment supply results in 
coarser and less mobile bed surface material (Church et al., 1998; Oldmeadow and Church, 
2006) while high sediment supply creates a finer and more readily mobilized bed (Church et al., 
1998; Curran and Wilcock, 2005; Dietrich et al., 1989; Lisle and Hilton, 1999, 1992; Wilcock et 
al., 2001). These differences in mobility in turn result in elevated sediment transport rates under 
the conditions of high sediment supply. At the channel scale, changes in the sediment supply 
regime (low versus high sediment supply) are also manifested in morphology attributes including 
slope, width, planform pattern, and bedforms (Benda et al., 2003; Madej and Ozaki, 1996; Miller 
and Benda, 2000; Podolak and Wilcock, 2013; Venditti et al., 2012; Zunka et al., 2015). Taken 
together, changes in sedimentology, channel morphology, and sediment transport have profound 
implications for a river’s habitat and biota. 
Sediment supply from the watershed, that is, sources external to the channel of interest, 
can change due to a plethora of both natural and anthropogenic causes, including extreme events 
such as large floods and landslides (Hoffman and Gabet, 2007; Madej and Ozaki, 1996), 
volcanic eruptions (Gran and Montgomery, 2005; Major, 2003), land cover disturbances (for 
example, due to forestry operations such as timber harvesting or road construction) (Roberts and 
Church, 1986), urbanization (Segura and Booth, 2010), mining operations (including resulting 
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tailings) (James, 2010, 2013; Nelson and Church, 2012; Wohl, 2015), agriculture, and dams 
(Syvitski et al., 2005; Syvitski and Kettner, 2011; Syvitski and Milliman, 2007), among others. 
Moreover, the Intergovernmental Panel for Climate Change assessment (IPCC, 2014) expressed 
concern that climate change will exacerbate landscape disturbances. Wildfires and extreme 
storms, for example, are likely to intensify changes in sediment supply regimes in streams and 
rivers (Benda et al., 1998; Goode et al., 2012). As  a result, there is an urgent need to advance the 
current understanding of the effects of sediment supply on river channels. 
In mountain rivers sediment supply fluxes are highly episodic in nature, as a substantial 
proportion of the clastic material is delivered from mass wasting events on the adjacent 
hillslopes; though, until recently most of the theory surrounding sediment transport was based on 
an assumption of steady supply (Elgueta-Astaburuaga et al., 2018; Hassan et al., 2005). This 
discrepancy makes predicting channel response to sudden “sediment pulses” challenging. 
Moreover, while qualitative predictions of the response to sediment pulses in the immediate 
delivery zone may be relatively straightforward, the effects further downstream present a more 
difficult context to forecast. For example, there has been uncertainty regarding the extent to 
which sediment pulses translate or disperse as they move downstream. Furthermore, a given 
sediment pulse may interact with the channel boundary, leading to complex exchanges of 
sediment (Wathen and Hoey, 1998), and the effects of system relaxation have only recently 
begun to be examined (Gran and Czuba, 2017; Tunnicliffe et al., 2018). Additional 
complications include factors such as texture of the supplied material, presence of large wood 
jams, and channel network structure, which can all alter the downstream movement of sediment 
pulses (Brummer and Montgomery, 2006; Short et al., 2015; Walley et al., 2018). As a result, in 
some cases, sediment pulses may lead to complex, non-linear responses (Major et al., 2019). 
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Thus, further empirical studies of channel response to sediment pulses are required to advance 
our understanding of this important phenomenon.  
Because of largely unpredictable nature of mass wasting events, studying the responses 
of stream channels to episodic bursts in sediment supply under field conditions is challenging, 
due to the lack of pre-disturbance data. Dam removals, an increasingly-common anthropogenic 
cause of sediment pulses, can be seen as large-scale natural experiments that provide unique 
opportunities to study channel response to sediment pulses in a more controlled manner than 
typical field-based observational research (Foley et al., 2017). Most notably, the planned nature 
of dam removal operations starkly contrasts the unpredictable nature of extreme natural events 
and advantageously provides a unique opportunity by allowing time to examine and collect data 
on pre-removal conditions. Moreover, dam removal events present an intriguing topic in their 
own right, and interest in this topic has been increasing (Bellmore et al., 2019; Doyle et al., 2005; 
Foley et al., 2017, p. 20; Major et al., 2017; O’Connor et al., 2015; Stanley and Doyle, 2003). 
Dams are among the most common and consequential form of river system alteration, as they 
alter hydrological, sediment, and ecosystem dynamics in rivers and floodplains worldwide 
(Cienciala and Pasternack, 2017; Collier et al., 2000; Graf, 2006; Grant et al., 2003; Kondolf, 
1997; Kondolf et al., 2019; Ligon et al., 1995; Magilligan and Nislow, 2005; Nilsson et al., 2005; 
Nilsson and Berggren, 2000; Pizzuto, 2002; Poff et al., 2007; Poff and Hart, 2002). As a result of 
many factors, but perhaps primarily because of the growing awareness of the role of dams in 
degrading aquatic ecosystems, dam removal has been increasingly perceived as a unique means 
for basin-scale restoration efforts (Brenkman et al., 2012; Hassan et al., 2017; Magilligan et al., 
2016a; Pess et al., 2008).  
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Although research into natural and dam removal-generated sediment pulses has 
contributed to important advances in our understanding of how rivers respond to sediment supply 
and the identification of controlling variables (Major et al., 2017; Sims and Rutherfurd, 2017), 
several research gaps remain. Importantly, more diverse datasets are required to further the 
understanding of geomorphic responses to such events. For example, responses further 
downstream of a sediment entry point are of interest because of the potential for downstream 
evolution of the sediment pulse evolution (Gran and Czuba, 2017). In the context of dam 
removal, specifically, mountain streams and tall impoundments (height exceeding 10 m; Major et 
al., 2017) are still underrepresented (East et al., 2018; Foley et al., 2017; Major et al., 2017) . 
Importantly, forest channels of moderate size may deserve particular scrutiny, since their channel 
width is often comparable to the size of large in-stream wood pieces which can lead to complex 
interactions between wood, sediment transport, and channel hydraulics (Gurnell et al., 2002). 
1.2.METHODOLOGICAL CONSIDERATIONS IN CLOSE-RANGE REMOTE SENSING 
APPROACHES TO GEOMORPHIC CHANGE DETECTION 
Another important practical question surrounding the empirical research related to 
sediment supply as well as dam removals is how to most effectively measure and evaluate the 
channel’s geomorphic responses. The spatial extent of data that is required is a key challenge 
since sediment pulses can affect the recipient channel for many kilometers down valley of the 
sediment delivery zone (Major et al., 2017; Warrick et al., 2015), and, as previously noted, the 
impacts often vary downstream. If spatially extensive data are to be used in attempt to determine 
a sediment budget (Ashmore and Church, 1998; Vericat et al., 2017), the combination of a large 
study domain and high spatial resolution of data, which is required to detect changes in riverine 
environments, poses a significant challenge (e.g. Bangen et al., 2014). Ongoing developments in 
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the field of remote sensing provide promising avenues for collecting a variety of high resolution 
data over large domains (Carbonneau et al., 2012; Carbonneau and Piégay, 2012; Entwistle et al., 
2018; Marcus and Fonstad, 2010; Tomsett and Leyland, 2019).  
None of the currently available methods on its own, however, is ideal for such a 
challenge. A traditional technique used for river change research over large spatial domains is 
aerial and satellite imagery. Recent, high-resolution satellite imagery such as those available 
from the Worldview or Planet platforms (Legleiter and Overstreet, 2012; Niroumand-Jadidi and 
Vitti, 2016; Smith and Pain, 2009; Strick et al., 2019) have enabled more cost-effective and 
relatively frequent epochs for change detection. However, optical remote sensing has limited 
ability to provide bathymetric information because of the need to calibrate it with field data 
(Legleiter et al., 2016), which limits the usefulness of this approach in cases when a given 
sediment pulse triggers primarily vertical bed responses. Moreover, these methods cannot be 
particularly useful in small-to-moderate sized rivers where the channel visibility is obstructed, or 
partially obstructed, by riparian canopy. Aerial LiDAR surveys (ALS) provide an exceptional 
mapping tool for such cases since they have the ability to penetrate canopy, thus enabling 
topographic data acquisition in forested watersheds (Entwistle et al., 2018; Glennie et al., 2013; 
Jones et al., 2007; Passalacqua et al., 2015; Roering et al., 2013; Tarolli, 2014; Tompalski et al., 
2017). However, most LiDAR systems (the exception being green LiDAR) do not provide 
bathymetric data either. Those that do are currently insufficiently available and may display poor 
performance in very shallow water due to difficulties in distinguishing the surface and bed 
reflections (Legleiter et al., 2016; Tonina et al., 2019). Also, ALS remains very expensive (often 
cost-prohibitively) and therefore repeated surveys are usually not feasible, or only few epochs 
can be represented. Terrestrial LiDAR systems (TLS) provide a cheaper alternative, which, 
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additionally can more accurately capture topographic detail (Brasington et al., 2012; Entwistle et 
al., 2018; Heritage and Milan, 2009). However, TLS also suffers from the same inability to 
penetrate the water surface as its aerial counterpart. Other methods such as total station 
(Cienciala and Hassan, 2013) or rtk GPS (Brasington et al., 2000) surveys are highly accurate 
and usable in smaller wadable channels, but due to time constraints in the field they are limited 
in terms of feasible spatial coverage (Bangen et al., 2014).  
The last decade has also seen the rapid development of new multi-view photogrammetry 
techniques, also known as “structure-from-motion” or SfM (Fonstad et al., 2013; James and 
Robson, 2012; Smith et al., 2016; Westoby et al., 2012), especially those based on data acquired 
from unmanned aerial vehicles (UAV or simply, drones)(Carrivick and Smith, 2019; Clapuyt et 
al., 2016; Cook, 2017; Tonkin et al., 2014; Woodget et al., 2017). This new tool provides 
promising opportunities to map riverine environments because large spatial domains can be 
realistically covered with high resolution (e.g. Tunnicliffe et al., 2018) and the cost of such data 
acquisition efforts is dramatically less than previously mentioned techniques. Additionally, in 
shallow, clear streams, it is possible to collect bathymetric data with these techniques (Dietrich, 
2017a; Woodget et al., 2015). However, SfM methods are not without their own set of 
limitations. They require registration using ground control points to produce a distortion-free 
representation of the surface (Harwin et al., 2015; James and Robson, 2014). Establishing ground 
control can be time consuming and may exclude areas where direct access is difficult, dangerous, 
or otherwise unavailable. Like other optical methods, these techniques also do not penetrate 
canopy, so little information can be drawn from a river outside of open channel areas (floodplain 
and secondary channel units, etc.). 
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Given all of the different challenges related to subaerial, subcanopy, and subaqueous 
parts of the landscape, hybrid approaches have shown great promise for applications in river 
topography mapping (Flener et al., 2013; Javernick et al., 2014; Lallias-Tacon et al., 2017; 
Michez et al., 2017; Williams et al., 2014). Considering the advantages and disadvantages of all 
of the available mapping methods, it appears that in small-to-moderate forested mountain 
streams, a combination of TLS and SfM may be in many ways optimal. As previously noted, 
TLS provides very accurate representations of bare-earth surfaces of exposed bars and floodplain 
(including subcanopy), while SfM provides bathymetric data, if collected under proper 
conditions. TLS is of course more time-consuming to collect than ALS, but it is cheaper and 
provides much higher accuracy and spatial resolution. These attributes are valuable given the 
often-subtle changes in topography of small-to-moderate channels. Thus, fusion of both 
approaches seems to be an appealing way forward. Despite this approach’s potential, the 
compatibility of the data from these systems is still unclear when used for such applications as 
river topography mapping as the fusion may also result in some systematic bias. As a result, side-
by-side comparisons are needed.  
Forested mountain streams may pose a set of challenges not encountered in similar 
comparisons done before (Nouwakpo et al., 2016; Ruggles et al., 2016). Such streams contain 
large in-stream wood which often forms logjams, and they often have steep banks. Recent 
evaluations have found that in areas of highly varying topography with abrupt boundaries, such 
as steep banks, the discrepancy between TLS and SfM can be substantial (Hamshaw et al., 2017; 
Schwendel and Milan, 2019). With this as a consideration, assessments from other types of 
environments, especially those with more subdued topography, may be misleading. Even though 
UAV-based SfM has been successfully tested in quantifying retreat on steep banks, such surveys 
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have collected side-view imagery to improve visibility of the banks (Duró et al., 2018). 
Similarly, recent work successfully quantified the volume of large in-stream wood, but their 
UAV flights were at a relatively low altitude of 50 m and laterally unrestricted because of open 
canopy conditions (Sanhueza et al., 2019). Such flight plans with side-view angles are often 
impractical or impossible in cases with a narrow overhead opening in the canopy above the 
stream or river because limited GPS signal below the canopy restricts any extensive UAV 
surveys to above the canopy height. In many mountainous basins, especially in regions with 
particularly high canopies such as the Pacific Northwest, this limitation may require flight paths 
of 100 m above ground level when a precaution buffer distance is applied. Dense forest cover, 
covering the valley floor up to the bank line, further limits the ability to distribute GCPs, which 
would ideally be visible from the UAV during flights. As a result, the imagery that can be readily 
obtained over large areas in such forested streams is likely to be suboptimal and may suffer from 
distortion (i.e. doming from direct georeferencing without GCPs) and additional inaccuracies 
related to imposed camera viewing angles. Convergent viewing angles and drones equipped with 
rtk GPS can mitigate the former problem to some extent (Carbonneau and Dietrich, 2017; 
Hugenholtz et al., 2016; James and Robson, 2014). New workflows point towards the possibility 
of achieving SfM data free of doming artifacts that can be collected without GCPs and then used 
(at least in a hybrid workflow) to detect change in river systems. For example, a recent study 
(Cook and Dietze, 2019) provided a promising pipeline to the standard SfM workflow processing 
method that enables the co-alignment of repeated SfM imagery sets without GCPs. 
1.3. PROJECT OBJECTIVES AND BACKGROUND 
This project has two overarching objectives: to analyze the response of a sediment pulses in 
two contrasting reaches, and to determine if TLS and SfM data rapidly collected in more 
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challenging environments can be effectively fused for the purpose of change detection in river 
systems.  
More specifically, I investigate short-term downstream geomorphic responses (first year) to a 
sediment pulse generated after the removal of the Mill Pond dam, a tall (~17 m) impoundment 
dam in Northeastern Washington (see figure 1.1). First, to better understand the geomorphic 
response of the channel, in this project, I collected, processed, and analyzed TLS and SfM data. 
My methodological approach is detailed in chapter 2. In chapter 3, I conduct a comparison of 
both approaches and their suitability to create a fusion dataset to monitor river processes and 
restoration efforts. I also propose and demonstrate a conceptual hybrid workflow that plays to the 
advantages of both TLS and SfM that can be carried out in field environments which have 
traditionally proven challenging for this type of data collection. In chapter 4, I analyze the 
geomorphic responses in two reaches located ~1.9 and ~2.2 km downstream of the former dam 
as a model for an intermediate-sized stream’s response to a sediment pulse.  
Prior research shows that the effects of a sediment pulse diminish over time (Lisle, 2007), 
as the supply of mobile sediment is exhausted . Similarly, the early responses to dam removal 
have been reported as most significant (Major et al., 2017). For example, after dam removal on 
the large Elwha River (drainage area ~820 km2 ), the sediment load was 3-20 times the long-term 
mean value, 15% of which was transported in the first year after removal and 84% in the second 
year (Magirl et al., 2015). The peak flows during the period were limited, yet these authors 
observed relatively high suspended sediment transport, even at low flows. Although the sediment 
release led to downstream aggradation of up to a meter, along with pool filling, bar growth, and a 
shift in morphology to braided (East et al., 2015; Ritchie et al., 2018), much of the sediment was 
transferred rapidly through the system all the way to the coast (Warrick et al., 2015). The first 
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stage of river response was “transport-limited,” and given the abundant supply of sediment, the 
rates of geomorphic processes downstream of the dam were highly dependent on flow strength, 
which enabled a strong response to even modest-sized floods (East et al., 2018).  
Detailed and comprehensive studies, like that conducted following dam removal on the 
Elwha River, have provided valuable insights into river responses to large sediment pulses. 
However, given the scale of Elwha River, its behavior may differ from streams with lower 
transporting capacity, as well as from systems with a different magnitude of sediment input. 
Therefore, it is informative and necessary to examine a broad variety of pulse/dam magnitudes, 
sediment characteristics, and receiving channels. For example, pre-removal relief of downstream 
reaches has been shown to function as a strong predictor of potential sediment pulse impacts 
(Zunka et al., 2015), yet impacts can also be attributed to unique parameters of the surrounding 
physiography or of the impounded sediment involved (Tullos et al., 2014). Cases which involved 
impounded fine sediments yielded findings that are quite distinct from those in which the 
supplied (or released) material was coarse (Kibler et al., 2011). New questions have also arisen 
from recent removals of smaller dams. Despite a limited volume of stored material, a study 
addressing immediate responses of small dam removal in an upland stream in Massachusetts 
(Magilligan et al., 2016b) observed substantial aggradation downstream of the dam, especially 
close to large wood.  
Research in moderate-size channels (> 101 km2), has indicated that large-wood can have 
significant bearing on the geomorphic responses to sediment pulses. The effects of large 
sediment inputs into such creeks can be assessed based on a long-term study of Carnation Creek 
in British Columbia. Widening and dwindling numbers of pools were results of sediment 
delivery from hillslopes, equivalent to 10-40 times the annual sediment load (Reid et al., 2019). 
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This and other work (Short et al., 2015) suggests that large wood should be considered in 
studying sediment pulses, since it can significantly alter sediment transfer and storage patterns. 
The reduced channel complexity and increased bed mobility in Carnation Creek led to significant 
adverse impacts on stream habitat, although it is near impossible to disentangle the effects of 
landslide-induced sediment from other consequences of riparian logging (Tschaplinski et al., 
2004; Tschaplinski and Pike, 2017).  
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1.4. FIGURE 
Figure 1.1. Timeline of the Mill Pond Dam removal and the following spring freshet
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CHAPTER 2: STUDY SITE AND METHODS 
2.1. STUDY SITE 
The field site for this project is in northeast Washington, near the town of Metaline Falls 
(48°51'30.40"N, 117°18'11.22"W). Sullivan Creek, the study stream, is a major tributary of the 
Pend Oreille River (and part of the Columbia River basin) and drains approximately 370 km2 in 
the Selkirk Mountains of Colville National Forest (Figure 2.1). Geologically, the area is 
characterized by metamorphic (quartzite and phyllite) and sedimentary (limestone and argillite) 
rock, with some surficial drapes of Quaternary drift (Lindsey, 1988). Being situated within the 
inland Pacific Northwest results in a combination of continental, maritime, and orographic 
influences affecting the region’s temperate climate (Williams, 1995). The basin is heavily 
forested, with an inland temperate rainforest vegetative community consisting of Western 
hemlock (Tsuga heterophylla) and western red cedar (Thuja plicata) in riparian areas and Sitka 
alder (Alnus sinuata) and black cottonwood (Populus trichocarpa) in recently disturbed areas 
(DellaSala et al., 2011; Kovalchik and Clausnitzer, 2004; Williams, 1995). The watershed is in 
the midst of a substantial restoration project spearheaded by Seattle City Light, a major element 
of which was the removal of the Mill Pond Dam. The dam, which was 16.8 m (55 ft) high and 
impounded Sullivan Creek approximately 6 km (3.7 miles) upstream of its confluence with Pend 
Oreille River, was removed during the fall of 2017. One of the key motivations for this 
restoration is to open the watershed to native Bull Trout (Salvelinus confluentus), a species listed 
as endangered under the Endangered Species Act of 1973 and whose movement has been 
demonstrated to be adversely impacted by the presence of dams (Muhlfeld et al., 2012; 
Starcevich et al., 2012). Sullivan Creek has been specifically designated as critical habitat for 
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bull trout, therefore, the restoration efforts carried out by Seattle City Light directly support the 
federal recovery efforts for this species, per USFWS. In addition to the dam removal, in the 
summer of 2017, a part of the Sullivan Creek watershed about 5-6 km (3.1-3.7 miles) upstream 
of the dam was burned by a wildfire, which started in the adjacent Noisy Creek watershed. By 
altering land cover, the wildfire undoubtedly mobilized sediment that could have contributed to 
the pulse.   
The study focused on two study reaches (Figure 2.1). One of the reaches, referred to as 
“reach B”, has low abundance of instream large wood (hereinafter referred to as “wood-poor”) 
and has a slope of 0.0179 and fairly simple plane-bed morphology. This reach underwent 
substantial restoration in September 2017, which was meant to stabilize an eroding bank where 
the channel abuts the forest service road. The other reach, which I refer to as “reach C”, is just 
downstream of the first one, and has a slope of 0.0324 and sharply contrasting morphology. This 
reach’s characteristics more closely represent natural conditions, with abundant wood (“wood-
rich”) and more complex, wood-forced pool-riffle morphology and heterogeneous habitat.  
  
2.2. METHODS 
Methods described in the following sections were the basis for analysis described in chapters 3 
and 4. Therefore, for brevity, I only outline them herein. 
2.2.1. Terrestrial LiDAR System 
2.2.1.1. Field 
Field surveys were conducted in summers of 2017 and 2018 (see Figure 1.1). Riegl VZ-
400 Terrestrial LiDAR System (TLS) was used to obtain subaerial topography data. Prior to 
collecting any TLS scan data, ground control points (GCPs) were established, by using tripod-
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supported extendable rods mounted with Riegl 10 cm reflector survey targets. To mitigate error 
that would be generated during the registration process, I set up GCPs with a geometry in 
relation to the scan position in which at least one GCP was visible in each quadrat of the 
scanner’s 360° coverage. The TLS was set up in such a way to ensure that the entire extent of 
each reach is captured through sequential scans, and that at least three GCPs were visible in each 
scan. In 2017, a total of 25 scans were carried out, providing continuous coverage of an 
approximately 1 km-long stretch of Sullivan Creek between the former Mill Pond Dam and the 
creek’s outlet (Figure 2.2). Due to logistical challenges, in 2018 only 7 scans were conducted. 
These scans focused specifically on two high priority reaches (reach B and reach C) that were 
also scanned the previous year.  
2.2.1.2. Processing  
I processed the TLS data using Riegl’s proprietary software RiSCAN PRO (version 2.4). 
The entire TLS processing workflow can be viewed graphically in figure 2.3. 
2.2.1.3. Same Year Registration 
To begin the registration process, I selected a number of tie points. Each ground control 
point was marked in RiSCAN PRO, by choosing the point with the given cloud closest to the 
middle of 10 cm target. In a few instances, the GCPs were upwards of 100 meters away from the 
scanner, which made them appear as few as 6 or 7 rows of points in some cases. During initial 
registration tests this led to errors which was deemed to be in excess of acceptable standard. To 
mitigate this issue, I created a significant number of environmental tie points. I chose discrete 
landmarks that were visible in multiple scans as environmental tie points, including conspicuous 
points on rocks or branching joins in trees. I avoided choosing any objects for environmental tie 
points that could have changed position between scans, such as thin branches or objects partially 
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caught in the river’s current. Some sequences of scans did not require many environmental tie 
points, as the array of GCPs they incorporated were relatively dense and thus yielded a lower 
error. Scans with higher isolation and longer distances between GCPs required higher numbers 
of environmental tie points.  
The selection of tie points was followed by the spatial registration of scans. All tie points, 
both GCPs and environmental points, were recorded in the scanner’s own coordinate system and 
tabulated in a tie point list (TPL) menu. I used the ‘find corresponding points’ tool within 
RiSCAN to register one scan to another using chain pattern method, in which scans were tied 
into subsequences, and then subsequences were tied to each other to form the reach’s whole 
extent. This registration pattern is preferable for processing linear scan sets, with scans of a river 
channel fitting that description. Maximum tolerance was set to 0.05 m, and the minimum amount 
of mutual tie points between adjoined scans was 3. I set the “find corresponding points” tool to 
minimize error and enabled it to use already existing linked points. Together, all these 
preferences resulted in the tool selecting a combination of at least three points, whether they had 
already been used in to link previous scans or not, to register two given scans together with as 
little error possible. I created an object view consisting of .mon files for all 25 scans from the 
2017 dataset. The .mon files are substantially decimated versions of the full point clouds, so they 
afford much quicker viewing and navigation in the software. Detailed field notes and an object 
view with every .mon file were useful for determining the location and orientation of scans in 
reference to each other, as a chain registration method involves linking adjacent scans to each 
other. After registering all the scans to each other, a separate object view was created, consisting 
of all 25 of the full point clouds to conduct a more detailed inspection of the linkages. A check 
was performed to ensure that features and surfaces throughout extents matched between two 
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adjacent scans. The addition of environmental tie points successfully lowered errors below the 
acceptable threshold, the entire extents of the point clouds matched well. The same procedure 
was followed for the seven scans taken at priority reaches in 2018. Total error between scans, 
expressed as standard deviation among linked point clouds, was less than a centimeter in all 
links. Average radial, theta, and phi deviations among linked point clouds was less than half a 
centimeter in all links.  
2.2.1.4. Between-Year Registration 
After registering all scans within each year, the data were registered between the years. 
The key challenge at this step was related to the loss of, or damage to, some of the survey stakes 
installed with this purpose in mind, as well as changes in topographic features, which reduced 
the number of candidate environmental tie points that remained unchanged. For example, in one 
of the reaches all the stakes installed along the bank to serve as GCPs were eroded away. This 
presented a challenge in that registration in this case had to rely more on environmental tie 
points. The between-year registration procedure was very similar to that for scans within the 
same year. After one 2018 scan was registered to the full 2017 sequence, the rest of the 2018 
chain was registered to the linked “anchor” scan. To aid registration between scans from 
different years a large number of environmental tie points was created; moreover, the road 
surface, very large boulders, and other static features visible in the scans were utilized. A 
preliminary registration with an initial small set of environmental tie points enabled establishing 
of links which, despite high error, facilitated identification of further mutual points, which then 
reduced error. Despite the challenges, the results of the procedure were deemed appropriate for 
the purposes of this study. Similarly to linked scans within the same year, linked scans between 
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different years had error of less than one centimeter and average radial, theta, and phi deviations 
of less than half a centimeter.  
2.2.1.5. Creation of Polydata 
After scan registration was completed, the next step involved creation of polydata for the 
reaches of interest in both 2017 and 2018. Polydata are simply a type of point cloud object that 
has undergone processing or filtering of some kind. As a first step, polydata of the reaches of 
interest was created using an octree filter. By reducing the total number of points to one within a 
defined cubic area, the filter decimates the object to a manageable size while also preserving 
much of the details. Such filtering is necessary to reduce excessive (redundant) data points close 
to the scanner and ensure relatively uniform resolution across the scanned domain. The filter was 
applied with settings such as elimination of isolated points (typically small artefacts above the 
ground surface), combination of the data, and storage of reflectance data as amplitude (preferable 
for viewing). The original polydata were cropped to remove peripheral areas of low-density 
points for further processing.  
2.2.1.6. Filtering Terrain 
To extract the “bare earth” surface out from the polydata, RiSCAN’s built in terrain filter 
tool was used. By selecting a whole polydata point cloud and then running the filter, the tool 
extracted a ground surface, leaving vegetation out. While the terrain filter was very effective in 
isolating flat surfaces of the terrain, it performed poorly in terms of identifying boulders or other 
non-flat topographic features in its extraction. This necessitated considerable manual editing 
after initially running the terrain filter. The following approach was used for manual editing. 
First, points identified by the filter as non-terrain (vegetation, boulders, wood, etc.) were 
isolated. To increase manual editing efficiency, all points close to the ground were selected, and 
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then further limited to points near the channel where rocks and boulders left out by the terrain 
filter were located. Peripheral points (essentially all vegetation) were removed from view to aid 
terrain extraction. As a second step, the residual surface features, namely rocks and boulders 
along the channel, were manually selected and combined with all the other terrain data points. 
This was repeated for each reach and survey period. See figure 2.4 as a visual representation of 
the filtering process. 
2.2.1.7. Identifying Wood 
Because of obvious structural similarities to living vegetation in a point cloud, downed 
wood cannot be extracted by an automated filter in RiSCAN. As previously described for surface 
features, manual extraction of wood was necessary. The easiest way to achieve this was to filter 
out the terrain, and then select wood points. Since most wood pieces were located within or near 
the channel and floodplain, they were clearly visible once terrain was removed. Because of close 
proximity of some wood features to points representing the ground surface, manual deselection 
of initially misidentified points was necessary. Wood pieces were gradually selected in this 
manner, and then this selection was moved into its own polydata. After creating a wood polydata 
for both reaches and surveys, all of the peripheral vegetation points temporarily removed for 
quicker processing were added back into their own combined polydata. This procedure resulted 
in three individual polydata for terrain, wood, and vegetation (Figure 2.4). This workflow was 
repeated for each reach.  
2.2.2. Topographic Analysis 
2.2.2.1 Scour and Fill Volume Measurements 
To quantify the volumetric change between the two surveys for the reaches of interest, 
scour and fill volumes were calculated using terrain polydata from each year. Prior to running 
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this calculation, the terrain polydata point clouds were inspected for erroneous isolated points, 
vegetation/wood points, or artefact points not removed during filtering. The wetted channel 
extent was masked in each polydata, since the reflected water surface does not reflect bathymetry 
with this TLS data. Unchanged peripheral areas in both years’ polydata were cropped for each 
reach so that their dimensions matched. The point cloud was then triangulated to create a 
continuous mesh. Triangulating the point cloud also made it easier to locate any remaining 
erroneous isolated points. This procedure was repeated for all four of the terrain polydata layers. 
Then, a plane object, co-planar with the x and y axes, was created and its dimensions were 
adjusted so that it encapsulated the entire polydata. The position of each plane on the z axis was 
adjusted so that it was slightly below the lowest point in the two polydata for a given reach. 
RiSCAN’s volume calculator was used with the cut and fill volumes mode. The aforementioned 
plane was used as the reference plane, the triangulated 2018 terrain polydata as the base mesh, 
and the triangulated 2017 terrain polydata as the reference mesh. The raster size was set to 0.05 
meters.  
2.2.2.2 DEM Analysis 
Terrain polydata were used to generate digital elevation models (DEMs) for analysis in 
changes of channel morphology (Figure 2.6). To convert a terrain polydata into a DEM, the 
polydata layer was copied into a pointcloud in RiSCAN, which was then exported as a LAS file 
(version 1.4). After importing this LAS file into ArcMap (version 10.7), the software’s LAS 
Dataset to Raster tool was used. The value field was set to elevation so that the output would be a 
DEM, the interpolation type to binning, the cell assignment type to average, and the void fill 
method to linear. Additionally, the output data type was set to float, the sampling type to cellsize, 
the sampling value (spatial resolution) to 0.05 (units automatically meters as dictated by the LAS 
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file metadata). This polydata-to-DEM conversion process was repeated for the four terrain 
polydata so that a TLS-derived DEM was created for both reaches each year. Using the raster 
calculator tool, DEM of difference (DoD) calculation was carried out (Figure 2.6) in order to 
generate a raster of elevation change from 2017 to 2018. The DoD is simply a raster containing 
differences in elevation between two sequential DEMs (2018 DEM minus the 2017 DEM). The 
wetted channel extent was masked.  
2.2.2.3 Wood Volume Measurements 
Measuring the volume of wood present in the reaches was another goal of this study. This 
proved to be a somewhat challenging task due to the complexity of these features within the 
polydata point cloud. Given the point density of the polydata, many small wood features were 
only one point thick, rendering it impossible to precisely calculate the volume of such pieces. 
Also, an object had to be converted to a mesh prior to having its volume calculated. Small and 
thin pieces of wood could only generate principally two-dimensional meshes if they were only 
one point thick. Additionally, dense, small branches could not accurately have a mesh draped 
over them. These challenges made it impractical to attempt to calculate volume for all wood in a 
polydata. Instead, only large wood (LW) was identified, which is conventionally defined as a 
wood piece that is ≥ 0.1 m in diameter and ≥ 1 m in length (e.g. Bragg et al., 2000; Wooster and 
Hilton, 2004). Large wood is a driver of channel feature development and change, whereas 
smaller wood pieces typically have much lower residence times in or near the channel and have 
largely inconsequential effects on flow and sediment movement.  
The wood polydata was processed so as to delete any wood pieces that did not qualify as 
large wood. Pieces were measured to determine if they were large enough using RiSCAN’s 
measure tool. Then the built-in calculate volume tool was used, set on raster + triangulation 
22 
 
mode for this analysis. This mode of the calculate volume tool automatically generates a mesh. 
The tool requires a plane to be defined for reference to build the mesh. If the plane is defined 
below all the selected points, the volume is calculated from a mesh which does not properly 
follow the curvature of the wood. However, by creating a plane from two points, instead of from 
two axes, the plane is generated parallel to the longest dimension of the given wood piece and 
directly in the middle of whichever dimension of the wood is perpendicular to the longest. 
Running the volume calculation in this way resulted in a mesh that very accurately followed the 
outside curvature of the wood piece. However, it only calculates the volume of the half of the 
wood piece that is above the plane, so the plane normal must be reversed and the volume 
calculation run again. Typically, both sides of a wood piece returned similar volume 
measurements. It is also important to note that generated mesh involved in the volume 
calculations cannot properly build along complex, multipart, or even curved pieces of large 
wood, as gaps will simply be bridged which would greatly inflate volume measurements. 
Mitigating this required all the large wood to be broken up into constituent cylindrical pieces. I 
carefully recorded the volumes of each individual wood piece with their location. I then added up 
the large wood volumes in three categories: total LW, LW within the bankfull area, and LW 
within the low flow area. The bankfull area was delineated by geomorphic characteristics, the 
presence or absence of flow-deposited material, and the absence of vegetation clearly older than 
two to three years (i.e. not disturbed in a two or three-year flood event). The low flow area was 
delineated along the coverage of water when the scan was taken, as flow gauge records indicate 
that scans were taken when the flow rate was at or near baseflow during both survey periods 
when the scans were taken.  
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2.2.2.4 Wood Surface Area Measurements 
Determining the surface area of wood within the reaches followed a more straightforward 
workflow than volume calculations. Total wood and LW polydata were first copied into 
pointclouds, then exported as LAS (version 1.4) files the same way as for the terrain clouds. 
Then, the LAS Dataset to Raster tool in ArcGIS was used to create a raster of the wood. The 
value field was set to elevation, the interpolation type to binning, the cell assignment type to 
average, the void fill method to linear, the output data type to float, the sampling type to cellsize, 
and the sampling value to 0.05. This was repeated for each total wood and large wood point 
cloud from both reaches and years for a total of eight DEMs. Then these DEMs were clipped 
using the same bankfull and low flow area delineations as mentioned above. The number of cells 
in each DEM was recorded. Given the cell size of 0.05 m, the cell number was multiplied by 
0.0025 to yield wood area in m2. This process was repeated to produce surface area values for 
both years at each reach, for total wood, bankfull wood, low flow wood, total LW, bankfull LW, 
and low flow LW. 
2.2.3 Structure-from-Motion 
2.2.3.1 Field data collection 
The Universal Ground Control Software (UgCS, SPH Engineering) was employed to plan 
automated drone flight missions over reaches of Sullivan Creek below the former dam site. 
Using the software’s photogrammetry tool, the necessary forward and lateral overlap between 
images and image interval were determined, given the flight height of 90-95 meters above 
ground level (AGL) and spatial resolution of about 0.1 meters. A higher spatial resolution would 
be desirable, but given time and drone battery constraints, high riparian canopy, as well as other 
obstacles, this was unfeasible. Numerous overlapping images allow the previously mentioned 
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multi-view photogrammetry technique termed “Structure-from-Motion” (SfM) to be used, 
effectively producing a three-dimensional topographic scene of the photographed area. For the 
2017 survey period, I conducted missions with images acquired at nadir angle. For the 2018 
survey period, I conducted a nadir mission and included additional oblique flights (one 
longitudinal, forward- and backward-looking and one lateral, on both sides of the channel, with a 
camera angle at 40-45 degrees) covering the reach of interest.  The oblique flights were added to 
the 2018 survey to address known doming artifacts when direct georefencing without GCPs is 
used (Wackrow and Chandler, 2008, 2011; James and Robson, 2014). In many sections of 
Sullivan Creek access to the creek is highly restricted by rugged terrain, and the ability to place 
GCPs is highly limited given the dense riparian forest, including trees right at the bank edge. 
Moreover, at the stage of project planning there was uncertainty surrounding safety-related 
restrictions in access locations at some sites due to ongoing dam decommissioning work. The 
nadir flights were always planned using UgCS in both survey periods and they encompassed the 
entire channel area, as well as approximately 45-60 meters of the neighboring riparian area on 
each side of the channel. The longitudinal oblique flights were also planned using UgCS, 
whereas the lateral flights were manually flown. Both the lateral and longitudinal oblique flights 
typically consisted of only two passes, so they mostly captured the channel and immediate 
riparian area. I used a DJI Phantom 4 Pro drone for both survey periods. These methods are 
displayed as a workflow in figure 2.5. 
2.2.3.2 Processing 
The imagery for the reaches of interest was processed using the SfM software Agisoft 
Metashape (formerly Photoscan). After estimating the image quality and removing the few 
photos with a quality value lower than 0.5, a new method, a supplement to the traditional 
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processing pipeline and called co-alignment (Cook and Dietze, 2019), was followed. This 
approach involves initially processing photographs from different survey pairs together as one 
chunk, which allows all the imagery to essentially become registered or aligned to each other. 
Then, the imagery for individual year/survey was separated into unique camera calibration 
groups before continuing on to generating outputs. This method was chosen for two main 
reasons. First, it was intended to mitigate the well-documented slanting/doming effect (e.g. 
James and Robson, 2014; Woodget et al., 2017) , which was indeed verified to appear in the 
2017 imagery (nadir, no oblique angle) when it was processed on its own. The goal was to 
eliminate doming from the 2017 data by initially aligning all of the imagery, including the 2018 
oblique photos, as one chunk. Second, this approach allows registration of two data sets without 
the need for ground control points.  
The imagery was aligned as one chunk using high quality, a 40,000 key point limit, and a 
4,000 tie point limit. Using gradual selection, tie points with a reconstruction uncertainty of 
greater than 50 were eliminated. Then, two additional copies (with unique camera calibration 
groups) of the original chunk were created. To isolate the coalinged surveys, all 2017 photos/tie 
points were deleted from one copy and the 2018 photos/tie were deleted from the other. This 
resulted in one chunk for each survey. I created dense clouds in the 2017 and 2018 chunks using 
medium quality and aggressive depth filtering, and orthomosaics were created for each survey as 
well. I completed this workflow within Agisoft Metashape for both reaches of interest and for 
both survey periods. Of note, the SfM data collected in the field covered nearly the entire 
distance between Mill Pond dam and a canyon downstream of the study site. However, only a 
subset of the data was used in this study. The channel extent covered in each reach of interest for 
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each of the SfM outputs was approximately twice that of the coverage of TLS data for each 
reach.  
One of the objectives of this study was to acquire bathymetry data. During the 2017 
survey period, water was exceptionally clear and allowed for drone photographs to capture 
channel bathymetry. However, during the 2018 survey, restoration work taking place in the 
reservoir bed resulted in continuous mobilization of fine sediment and high turbidity, completely 
masking visibility of the channel bed. Thus, bathymetric DEM was ultimately obtained only for 
2017 data, by applying a simple method for refraction correction (Woodget et al., 2015). The 
channel bank was delineated and elevation along that section were extracted to create a triangular 
irregular network (TIN) model of the water surface. This enabled the calculation of water depth 
by subtracting the channel’s extent of the DEM from the water surface digital model (from the 
TIN). Finally, by using a refractive correction index (1.34), a bathymetry raster was obtained.  
2.2.3.3 Analysis 
DEMs were clipped in ArcGIS to extents that exactly match between surveys. Given 
SfM’s inability to penetrate canopy, remaining peripheral vegetation was removed at this step so 
as to leave only the channel and surrounding morphology in the resulting DEMs. DEM of 
Difference (DoD) were created from these clipped DEMs using simply subtractive raster algebra, 
just as it was done with TLS-derived DEMs. This provided one change detection output for the 
SfM outputs.  
DEMs were built with the highest spatial resolution available, which is automatically 
determined through the dense clouds. The 2017 dense clouds had spatial resolutions of between 
0.08-0.09 m, while the 2018 point clouds (containing dozens of oblique photos) had spatial 
resolutions of 0.09-0.11 m. DEMs were exported with local UTM coordinates, and then were 
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then clipped in ArcMap to matching extents between surveys. DEM of Difference (DoD) were 
created from these clipped DEMs using simple subtractive raster algebra, just as it was done with 
TLS-derived DEMs.  
Using the orthomosaics, a two-pronged approach was employed for delineating LW in 
and around the channel. First, a supervised maximum likelihood image classification was used to 
roughly draw out wood from other features. This worked exceptionally in some cases, and less 
so in others, depending on the ambient lighting of the orthophoto. Some areas with fine sediment 
had similar enough RGB signatures to wood that the features could not be distinguished through 
the training samples. In these cases, and in other cases, such as where vegetation obscured 
obvious LW pieces, shapefiles were manually delineated (again, in UTM projected coordinates) 
along the LW outlines. The “Lookup” tool in ArcMap was used to isolate the wood field from 
the classified image into its own raster, and then that raster was converted into a shapefile. The 
different LW shapefiles were merged into one layer and a new float type field in the attribute 
table was created to record each wood piece’s surface area. Field calculator was used to resolve 
the surface areas since the parent layers were already projected.  
2.2.4 Comparisons 
2.2.4.1 DoD  
The TLS-derived layers DEM of Difference (DoD) were georeferenced to their SfM 
counterparts (Figure 2.7) since SfM metadata contained global coordinate system information 
and was the larger extent data. A zero-order georectification method was used in ArcMap to 
avoid a distortion of datasets. Then, to ensure that the areas being sampled for the comparison 
were representing the same areas, I demarcated and then masked out any areas that contained 
wood or vegetation from either survey period in the SfM data. Though other methods besides 
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manually masking areas of vegetation, such as using point density and standard deviation filters 
(Cook, 2017) exist, employing these was not necessary since manually masking was feasible and 
reasonable. I also masked wetted channel extents since TLS data did not include bathymetry data 
and thus could not be compared to SfM data that did include bathymetry. I converted the SfM-
derived DoDs into points, and then extracted the corresponding TLS-derived DoD points into 
those attribute tables. I could then extract these tabular data for analysis. 
2.2.4.2 Large Wood 
LW surface area measurements was compared between TLS and SfM sources. Logs and 
jams that were completely visible in both datasets were selected to ensure that the comparisons 
involved no bias. In some cases, proximate logs or jams that were treated as separate in one 
dataset were combined in the other, which prevented a full-scale comparison. Very recent 
findings suggest promising methodologies for determining LW volume from DEMs created 
based on UAV-derived SfM data (Sanhueza et al., 2019). However, I chose a different approach, 
in which I estimated wood volume using SfM’s orthophotos and a calibration data set. 
Specifically, I fitted regression models that link planimetric area of wood observed in the 
orthophotos with measured wood volume. Using this relationship, I estimated wood volume for 
all of the logs and jams in the full reach coverage that was available through SfM. An additional 
benefit of this method is that it is not restricted to SfM but can be easily applied to 2D aerial 
imagery. In this study, I utilized the TLS-based wood volume to calibrate the area-volume 
relationship.  
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Figure 2.2. Shaded relief detail of the extent covered by TLS and SfM in the two study reaches 
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Figure 2.3. TLS methods workflow 
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Figure 2.4. Clockwise from top left: All TLS data, filtered TLS terrain, filtered TLS vegetation, filtered TLS wood 
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Figure 2.5. SfM methods workflow 
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Figure 2.6. A: 2017 TLS DEM of reach B; B: 2018 TLS DEM of reach B; C: TLS DoD of reach 
B; D: 2017 TLS DEM of reach C; E: 2018 TLS DEM of reach C; F: TLS DoD of reach C  
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Figure 2.7. SfM DoDs of reach B (top) and reach C (bottom) with large wood shown in black 
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Figure 2.8. Generalized schematic figures depicting the workflow for creation of DoDs (top) and 
the conceptual fusion workflow detailed in this chapter (bottom) 
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CHAPTER 3: COMPARISON OF TECHNIQUES 
3.1. INTRODUCTION 
Remote sensing techniques have increasingly proven invaluable for understanding 
sediment fluxes in river systems. But settling on a single method for measuring and/or 
monitoring these changes over basin or sub-basin scales innately necessitates tradeoffs. Though 
ALS systems can capture remarkably high-resolution data for the extent they cover, they are 
costly and there are few areas with sequential datasets (usually not more than 2) that enable 
change detection. TLS systems capture data of even higher spatial resolution and can flawlessly 
capture steep features, but they are hampered by much smaller coverage in each sampling area, 
which consequentially makes time a limiting factor. SfM techniques offer a balance between 
reasonably high sampling extent and pace, plus spatial resolutions may approach that of TLS 
under the right conditions. SfM can also be a much more cost-effective route for measuring 
channel bathymetry (in comparison to, say green LiDAR), which can be accomplished in settings 
with exceptionally clear water. It does, however, lack the vegetation-penetrating ability that the 
LiDAR systems possess, thus making it a less appealing option to completely rely on for terrain 
with extensive canopy or other vegetative cover. Given the strengths and weaknesses of these 
methods, considerable interest has recently been directed at developing, and successfully 
utilizing methodologies that fuse techniques (Flener et al., 2013; Javernick et al., 2014; Lallias-
Tacon et al., 2017; Michez et al., 2017; Williams et al., 2014). These fusion methods prove 
extremely promising for mapping and monitoring river morphodynamics. Still, the compatibility 
of these differently sourced data needs to be further explored and scrutinized through close 
comparisons, especially in the context of environments that exemplify tough features to capture 
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like steep banks, LW, overhanging objects, or if bathymetry is sought. Features with high 
variation have yielded meaningful disparities between methods (Hamshaw et al., 2017).  
In this chapter, I examine the compatibility of two widely used methods of river mapping 
through a detailed comparison of their outputs. Specifically, I compare TLS and SfM 
approaches, which have progressively been identified as suitable techniques to fuse; that is, the 
interplay of each method’s assets and drawbacks seemingly mesh symbiotically. The primary 
focus of this work is on first, a practical field scenario in which rapid surveys may be required at 
the expense of accuracy (e.g., direct georeferencing), rather than a highly controlled approach, 
such as smaller-scale or methodological studies. Secondly, I focus on forested mountain streams 
which, due to a small-to-moderate channel width and a narrow canopy gap, navigation of the 
drone is limited and complex terrain may pose challenges in terms of deploying a robust GCP 
network. 
 As a result, my comparison is somewhat unique in that other similar comparisons, so far, 
have either conducted tests in a setting with lower canopy heights, enabling lower UAV flights 
(Flener et al., 2013), or have utilized ALS rather than TLS in conjunction with SfM (Lallias-
Tacon et al., 2017; Michez et al., 2017), which generally has a substantially lower spatial 
resolution ceiling that TLS. Other work (Williams et al., 2014) has fused TLS and SfM methods, 
including SfM data taken from much higher altitudes, but they supplemented their bathymetry 
dataset with acoustic depth survey readings. The high canopy at the sites I collected data imposes 
limits on the spatial resolution that can be accomplished with a conventional drone in a time-
efficient operation (time efficiency and cost-effectiveness are, after all, among the most 
appealing qualities of UAV-based SfM methods). The mountainous, forested watershed where I 
conducted data collection features steep topography, tall and dense forest canopy, and wood 
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features in the channel. Therefore, my investigation examines to what extent, under such 
challenging conditions, TLS and SfM data are compatible for a harmonious fusion of methods.  
I compare DEM of difference (DoD) data in order to assess the compatibility of the two 
methods in capturing changes in the channel features. I also compare LW parameters captured by 
each technique. Given the importance of LW as not only a driver of sediment storage and 
morphology change (e.g. Magilligan et al., 2016; Short et al., 2015), but also an important habitat 
feature and restoration tool fool salmonids (Pess et al., 2012), it is crucial to understand the 
effectiveness of each method in measuring it. I compare surface area measurements of LW, both 
individual logs and jams.  
3.2. RESULTS 
In this study, comparisons of SfM- and TLS-based change detection data were intended 
to evaluate the sources in terms of their performance relative to each other. That is, the focus is 
placed on the identification of similarities or deviations between the elevation difference values 
generated by each method (compatibility), rather than the true elevation of the real points they 
represent in each of the layers. I did not need to attempt to ensure perfect calibration of true 
elevation during data collection (as mentioned in the methods section, I did not use GCPs for 
SfM collection) since the elevation differences being compared were derived from aligned 
datasets (That is, TLS data from both surveys was registered with minimal error and SfM data 
from both surveys was coaligned). Therefore I could interpret local deviations as associated with 
the individual methods. 
Differences in the two remote sensing techniques presented some limitations in the 
comparative analyses. Notably, the inability of SfM to penetrate vegetation as TLS does limited 
the extent of common coverage. Specifically, areas corresponding to vegetation or wood had to 
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be masked out to ensure that the same areas of terrain differences are being compared. This was 
necessary because, in contrast to SfM-derived data, TLS data returned points beneath and around 
these features, and thus allowed interpolation past them. Similarly, given the TLS’ inability to 
provide bathymetric data, only exposed (subaerial) topography was compared. Overall, these 
restrictions reduced the spatial extent available for direct comparisons. This was even more the 
case because vegetation, channel coverage (channel shift was substantial in reach C, further 
reducing spatial extent for comparison in this reach), and wood-covered areas from both 2017 
and 2018 surveys had to be masked out (Figure 3.2). Zero order georectification of the two 
differently sourced data types aimed to align the data to a high degree while also avoiding any 
warping of the rasters, but small imperfections in the alignment may contribute minor error.     
DoD comparison revealed that the co-alignment procedure successfully circumvented the 
issue of data distortion (see statistics described below in table 3.1.). Because both SfM surveys 
are co-aligned to each other, the SfM-detected change (DoD) is very strongly correlated with the 
TLS-detected change; namely, in linear regression of the form y = bx + a, the latter explains 
around 85% of variance in the former (R2 = 0.836 for reach B and 0.861 for reach C) (Figure 
3.1). While the data trends are very strong, the slope coefficients are less than unity, which could 
suggest bias (b = 0.828 in both reaches). However, a careful examination of both regression lines 
(Figure 3.1) reveals that, over much of the range, the data follow 1:1 line rather closely. This is 
especially true for reach B, where only values of elevation difference > 1.5m seem to be 
consistently underestimated in SfM. Such high values of net positive change in elevation are 
associated with the steep rip-rapped bank. In contrast, in reach C, the largest departures from the 
1:1 line are clearly associated with a decrease in elevation (DoD values < 0m). Once again, the 
magnitude of these changes was underestimated in SfM. In the part of the DoD extent shared 
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between SfM and TLS, these negative values occur mostly in proximity to large wood features. 
Therefore, even though the regression slope may imply general bias, I believe such consistent 
differences between both techniques are primarily restricted to the largest positive or negative 
differences and, spatially, to specific topographic settings. Because in the regression these values 
occur as high leverage points (i.e. they occupy ends of the data range), they become influential in 
terms of lowering the regression slope. One explanation that I considered for SfM’s apparent 
weakness in detecting these large changes (that is, points of the highest negative change and 
highest positive change) is that the TLS data is of higher spatial resolution than the SfM data, 
which could ostensibly result in TLS returning values of slightly higher change that SfM did not 
detect. However, after resampling the TLS data to the resolution of the SfM data and rerunning 
analyses, the results were essentially unchanged (R2 = 0.840 for reach B and 0.862 for reach C, 
and b = 0.832 for reach B and 0.828 for reach C). 
Overall, these results suggest some degree of bias in SfM, which underestimated higher 
values of the detected elevation change. Mean error (ME) can be used as another metric of bias. 
ME of SfM values subtracted from TLS values is -0.003 in reach B and -0.040 in reach C. These 
values confirm the overall good agreement of the data. The mean absolute deviation (MAD) is 
calculated to be 0.124 in reach B and 0.071 in reach C (Figure 3.2) and reflects the central 
tendency in error magnitude.  Overall, in terms of change detection, these results are promising 
in terms of compatibility and potential for fusion. Of particular importance is the strong 
similarities in the datasets despite limitations to SfM data collection, including challenging 
collection environments and lack of oblique photos in one of the surveys. While the rapid 
advances in UAV technology will certainly lead to gradual popularization of rtk-equipped 
models, the ability to utilize currently standard equipment to generate SfM data through rapid 
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surveys in challenging and rugged terrain is undoubtedly useful and encouraging. These results 
indicate that SfM can be used reasonably effectively as a method of topographic mapping in 
these environments, but that it is best suited as a supplementary technique in tandem with TLS or 
other methods with vegetation penetrating capabilities. The coalignment step in SfM processing 
(Cook and Dietze, 2019) was pivotal for the performance of this approach and revealed the 
potential for legacy SfM data lacking supplementary oblique photos to be at least partially 
corrected of doming issues through co-alignment to photosets containing obliques. The spatial 
patterns indicated in the MAD values (Figure 3.2) alongside the strong trends in the regressions 
indicate that systematic error in the SfM data was completely circumvented using this workflow. 
However, my findings also show that the application of UAV-based SfM remains challenging for 
complex features such as riparian canopy, steep terrain and banks, and large wood 
accumulations. Areas with the highest mean absolute deviation (MAD) occurred in highest 
concentrations along steep banks and in proximity to vegetation/canopy and wood, even though 
these features were masked out of the comparison extent (Figure 3.2). This finding is in line with 
a recent study (Schwendel and Milan, 2019) which also demonstrates that the effectiveness of 
SfM is highest in uniform features, and declines around complex topographical features. 
Accordingly, I suggest a provisional TLS/SfM fusion method workflow for traditionally 
challenging mountain watersheds. Though TLS data collection is time intensive, it would be 
partially offset as this workflow would not require GCPs for SfM data, enabling very efficient 
collection of that component. The backbone of the topographic data would be derived from TLS 
data, with SfM data supplementing the bathymetric component. TLS data would be collected and 
processed using traditional protocols. SfM data would be collected with both nadir and oblique 
photos, and then coaligned (Cook and Dietze, 2019). To determine bathymetry, individual photo 
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chunks containing only nadir (facing perpendicular to the ground) photos would be isolated after 
co-alignment, and then a dense cloud from these nadir-only chunks would be used to create 
DEMs. This step is necessary since methods for bathymetry correction involving a simple 
multiplier (Woodget et al., 2015) assume nadir photos. An alternative approach would be to use 
bathymetric mapping proposed by (Dietrich, 2017b). Essentially, this workflow could 
circumvent systematic doming/slanting error, and still produce supplemental bathymetry data 
without the need for GCPs in the SfM collection with the SfM-derived channel depth raster by 
georeferencing it to, and then subtracting it from the accompanying TLS data. 
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3.3. FIGURES AND TABLE 
Figure 3.1. Plots of values from SfM and TLS-derived DoDs in reach B (left) and reach C (right) with trendlines shown in blue and 
1:1 slope lines shown in red 
 
 
 
 
 
 
 
 
 
Table 3.1 
 Reach B Reach C 
Slope 0.828 0.828 
R2 0.836 0.861 
ME -0.003 -0.040 
MAD 0.124 0.071 
RMSE 0.165 0.094 
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Figure 3.2. Clockwise from the top left: extent of DoD comparison for reach B; extent of DoD comparison for reach C, map 
displaying areas of higher and lower MAD (mean average divergence) in reach C, map displaying areas of higher and lower MAD in 
reach B 
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CHAPTER 4: GEOMORPHIC RESPONSE 
4.1. INTRODUCTION 
Sediment pulses dramatically alter river systems, with wide-ranging geomorphic and 
ecological implications that warrant study. Dam removals are among main anthropogenic causes 
of sediment pulses and provide exciting research opportunities, allowing for careful before-after 
study design to better understand this phenomenon. For example, the recent dual removal on 
Washington’s Elwha River generated a wealth of data and important insights into river behavior 
under unsteady sediment supply regime. Substantial channel changes, which would normally be 
expected from a high-magnitude disturbance were described, including channel planform 
change, wood changes, widespread aggradation, and pool filling (Draut and Ritchie, 2015; East 
et al., 2015; Ritchie et al., 2018). Findings suggest that dams impose adverse effects on salmonid 
fish (Muhlfeld et al., 2012), which have been observed to mediate following removal (Brenkman 
et al., 2019; Quinn et al., 2017). This in conjunction with looming FERC compliance pressure for 
aging structures makes removal an increasingly appealing option (Bednarek, 2001), all but 
guaranteeing more large sediment pulses that require better understanding of the potential 
consequences to river ecosystem downstream. 
Better ability to forecast potential impacts of a dam removal or natural sediment pulses 
requires data from a large number of case studies that represent the range of diverse factors that 
govern rivers response to such events. The outcomes experienced in the Elwha watershed, for 
example, were contingent on the reservoirs, sediment, valley geometry, weather conditions 
specific to the locality. Other studies examining cases in contexts with different conditions or 
different dam sizes resulted in findings that are not entirely consistent with prior conceptual 
models of dam removal impacts. For example, the expectation of bed surface fining was 
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challenged in one case with a smaller dam (Kibler et al., 2011), and commonly-anticipated 
channel widening was absent in another (Gartner et al., 2015). The broadening and evolving 
understanding of dam removal responses is coinciding with a growing appreciation of the 
impacts that smaller and often overlooked dams have. for example, smaller dams may have a 
proportionally higher impact on habitat and sub-basin connectivity (Kibler and Tullos, 2013), 
and they adversely impact fish by magnifying effects of disease and pollution (Leaniz, 2008). 
There is a need for continued research into the subject of dam and their removal, in order to 
inform the public and decision makers not just about the impacts of impoundments, but also 
about channel response and potential foundations for restoration projects that seek to rehabilitate 
river ecosystems. More regular monitoring and follow-up surveys from diverse contexts are 
needed to continue to gain a fuller understanding of the effects of dam removal. 
The study reported in this thesis had dual objectives. More broadly, it was intended to 
advance current understanding of the effect that sediment pulses have on morphological changes 
in river channels. In a narrower context, the study was meant to contribute to the growing 
understanding of the downstream consequences of dam removals. Even with more dam removal 
events being taken advantage of as natural experiments, and increasing research coverage, a 
pronounced knowledge gaps are revealed when the number of studies completed is compared to 
the total number of removals. Of the over 1,100 recorded dam removals in the United States, 
only 12% were followed up with any form of monitoring, and only 3% had subsequent 
ecological or geomorphic assessments (Magilligan et al., 2016a). In this chapter, I profile the 
short-term geomorphic changes that occurred in Sullivan Creek as a result of the Mill Pond Dam 
removal. First, I chronicle the staged removal event and the following spring’s freshet. Far 
above-average snowfall in the winter of 2017-2018 resulted in a freshet flood event with return 
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interval estimate ranging between approximately 10 and 50 years. This event was expected to 
amplify sediment and wood changes in the downstream reaches, already affected by the removal. 
Since past research findings discussed above also point towards sediment pulse impacts being 
variable and dependent on the geomorphic context, I describe the watershed template, the former 
reservoir, and sediment attributes involved to aid in interpreting and contextualizing the changes 
that occurred in Sullivan Creek. I quantify reach-scale erosion and deposition that occurred at 
one heavily altered site, and another site in a more natural state. I also examine pre and post-
removal channel slope, as well as bar development and changes in wood budget.  
4.2. RESULTS 
4.2.1. Reach B: Morphological Changes  
Reach B retained the same general reach-scale morphological style, which could be 
classified as plane bed (Montgomery and Buffington, 1997). Among key morphological metrics, 
no substantial changes occurred in this reach. Sinuosity remained the same given the lack of 
changes to the overall planform. No appreciable changes occurred with the reach’s slope, either. 
Average baseflow wetted channel width increased from 12.4 m to 13.5 m, but these changes are 
relatively minor and almost completely due to the slight reduction of two bars that had 
previously marginally narrowed the channel (Figure 4.1). Qualitative observations suggest that, 
although the caliber of bed framework particles largely remained unchanged, as the cobble-sized, 
moderately armored bed was consistent between both surveys, fine sediments filled interstices 
leading to overall bed surface fining. Fine material also accumulated in slackwater pockets where 
the protruding bank buffered the flow, and in a couple stretches of the bank where it was not 
steep (Figure 4.8).  
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The topography changes in this reach were strongly associated with the ongoing 
restoration work that accompanies the dam removal. The primary positive net topographic 
change was due to the major rip-rap revetment (Figure 4.1) that was placed along the section of 
bank that abuts against Sullivan Lake Road. It was easy to identify and account for the changes 
in topography due to the revetment and as a result I was able to accurately estimate the actual 
deposition due to natural fluvial processes. For example, modest fill of a side-channel accounted 
for some of the total net deposition. Overall, 500.90 m3 of deposition was detected in this reach, 
out of which approximately 356.71m3 was attributed to restoration works.  
The most substantial net negative topographic change was related to the reshaping and 
overall reduction of the largest bar, termed “bar b1”, in the reach. The amplitude of the bar b1 
was reduced (see figures 4.3 and 4.4, or figure 2.6 for DoD) as vegetation growing on its supra-
platform was completely removed, and the general profile appeared to be slightly flattened. 
Moreover, the edges of this bar, and two much smaller bars, were truncated. In the case of the 
bar b1, this accommodated the bank expansion from the revetment, and as a result left the 
average channel width largely unchanged. Overall, a net of 295.48 m3 of sediment was eroded or 
otherwise removed from this reach. However, in this case, it is impossible to disentangle the 
relative contribution of engineering works and fluvial processes. Nevertheless, visual 
observations based on the ground-level imagery suggests qualitatively that some reworking of 
the channel took place during the flood.  
I recorded substantial losses in large wood within this reach after the dam removal (Table 
4.1). Restoration activities on and near bar b1 are the cause of practically all large wood changes. 
The large log jam at the upstream end of this bar was removed without being replaced, 
potentially destabilizing the processes that contributed to its growth. On the other hand, robust 
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logs containing root wads were placed along a section of the revetment. Upcoming restoration 
work on this channel includes further wood/ engineered log jam placement on the opposite side 
of the bank from bar b1, which would presumably function to deflect flow where it strongly 
impinges on the rip-rap revetment. While not present during the 2018 survey, this placement was 
underway during follow up surveys in August of 2019 which are not included in this study. All 
other wood pieces in the reach during the second survey naturally accumulated after the 
restoration work on bar b1 and resulted from natural processes.  
4.2.2. Reach C: Morphological Changes  
Reach C underwent much more sizable geomorphic changes compared to reach B, but it 
also retained its general mix of plane bed and forced pool-riffle sections (Montgomery and 
Buffington, 1997) in the wood-rich wandering sections. This reach has been left in a natural state 
since the dam removal and has not seen any direct restoration work. The sinuosity increased 
from 1.08 to 1.12, which is largely a result of the channel being routed around larger bars. In a 
related change, the slope decreased slightly, not due to noteworthy aggradation but rather the 
increase in channel length. The wetted channel width narrowed slightly, with pre and post-
removal average widths at 12.65 m and 10.45 m, respectively. This relatively minor change does 
not appear obvious from the orthophotos of the reach (Figure 4.2). However, the area of channel 
along the edge of the large bar, termed “bar c1” (see figure 4.2), has been constricted by the bank 
on one side and the encroaching bar on the other. Bed texture was significantly finer in this 
reach, with extensive drapes of fine sediment covering bar c1 (Figure 4.9), as well as a couple of 
the minor bars. A previously-wetted chute channel atop the much smaller bar c1 in 2017 was 
filled with fine sediment (Figure 2.6), and silty deposits were thick in hydraulically sheltered 
areas. The bed, which was coarse and armored had extensively filled in with fine sediment (to a 
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much higher extent than in reach B). The supra-platform of bar c1 consisted of primarily a 
matrix-based gravel, and it was noticeably much finer than the material that the bar was 
composed of the previous year (Figure 4.9).  
The most significant erosional and depositional topographic changes were, respectively, 
the major scour of the bank adjacent to bar c1, and the growth of bar c1. The growth of bar c1 
likely coincided with flow becoming increasingly directed against the opposite bank, which, 
based on eroded exposures is composed of thick layers of fine material overlying coarse lower 
banks (Figure 4.2). As bar c1 grew, the channel shifted into the bank causing massive 
undercutting and erosion. An avulsion ensued from the channel realignment, with a portion of the 
discharge splitting and entering a formerly elevated, wood-forced side channel. The channel then 
bifurcated around a logjam and one of the branches followed the lee edge of the bar c1. In 2018 
the two channels flowed around a bar, termed bar c2 (Figure 4.2), that translated slightly 
downstream. The reshaped bar c2 also contained immense newly recruited wood from the 
scoured bank.  
The growth on bar c1 was largr. Surface area expanded to 347% its original size. The 
large wood jam associated with bar c1, located at its head, was largely unchanged between 
surveys, which likely contributed to the bar’s substantial growth by deflecting the flow away 
from it. The other area of notable positive topographic change was bar c2. This bar, which is 
bisected by the reentrance of the side channel flow into the main channel, expanded to 136% of 
its original size. This growth was largely in the downstream half of the bar.  
LW in reach C also experience a large flux (Table 4.1). Some of the large wood located 
at the head of bar c1 was transported downstream, but it appears that the bulk of it remained 
intact in 2018. Some of the wood that was recruited from the heavily-eroded bank was 
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transported to bar c2, where it was deposited. This seemingly contributed to the bar’s expansion. 
Overall, LW covered a higher surface area after removal than before (147% of the original 
coverage). Also, a higher proportion of LW was within the low flow channel in 2018 (33.8%, 
compared to 14.8% pre-removal).  
4.2.3. Reach B: Sediment and Wood Budgets 
The balance of sediment in reach B based on raw data points to net deposition (Figure 
4.7). However, as noted above, the vast majority of these changes, interpreted as deposition, can 
be attributed to the construction of the rip-rap revetment. The revetment spans along the channel 
for 92 m, extends ~1.5-2.5 m outward from the previous bank, and is ~2-3 m high. Refer to 
figure 4.6 (or figure 2.6) to observe the shift in bank line. TLS-based cut and fill measurements 
show a 500.90 m3 gain in this reach. After accounting for the volume attributed to the revetment, 
the fluvial deposition was estimated as 144.19 m3 (Figure 4.7). I cannot precisely constrain how 
much change occurred beneath the water surface, since high turbidity during the 2018 survey 
period prevented useable bathymetric data collection. However, given the very similar channel 
widths, similar water surface elevations, and with flow gauge data pointing to nearly identical 
discharge for both survey periods, it appears that there was no major bed aggradation or 
degradation. Similar to deposition, much of the net negative changes in this reach, interpreted as 
erosion, was related to the engineering restoration works that contributed to the flattening of bar 
b1. It this case, it is impossible to isolate the effect of restoration, so only a range of values can 
be constrained. Specifically, the true value of fluvial erosion lies somewhere between two end 
members: 0 m3 if all the erosion is assumed to be due to the restoration activities and 295.48 m3 
if the erosion is assumed to be entirely due to channel reworking by the flow. Wood budget 
changes were also primarily related to restoration activities. The most substantial additions of 
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wood were, as previously mentioned, the robust logs placed along a section of the revetment. 
These placements outweighed large wood loss and resulted in a net total volumetric increase 
which was 131% the previous amount, and an impressive net volumetric increase of 472% the 
previous amount within the low-flow channel. Large wood surface area also saw a net increase: 
181% of the previous amount for total large wood and 198% of the previous amount within the 
low-flow channel. The changes in wood volume due to fluvial processes were negligible. It is 
uncertain if this reflects insignificant supply of wood from upstream or, alternatively, wood 
potentially advected from upstream simply passed through this reach due to limited opportunities 
for deposition. 
4.2.4. Reach C: Sediment and Wood Budgets 
The sediment budget in reach C, like reach B (if including the revetment) also suggested 
net deposition (Figure 4.7). The cutbank erosion that coincided with the expansion of bar c1 
accounted for the vast majority of the total erosion at this reach. The shift in the channel eroded 
laterally 4 to 7 m into a 65 m stretch of the bank, which was ~1.7-2.3 m in height. In total, 
600.84 m3 of erosion occurred within this reach. Similarly, most of the deposition occurred in a 
single feature. The over three-fold growth of bar c1 accounted for much of the 710.84 m3 total 
deposition. Given the over three-fold growth of bar c1’s surface area (Figure 4.2), with some of 
the deeper new deposits approaching 2 m, this was the depositional hot spot. The upper, medial 
half and the lower, lateral half of bar c2 also grew modestly.  
The wood budget for reach C indicates a net loss of wood when only the extent of TLS 
data is considered. However, when the additional extent of SfM data is also added, I recorded a 
net gain. This highlights the importance of the designation of spatial extent of study reaches, as 
this downstream LW accumulation greatly modifies the budget. This additional accumulation 
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was to a large extent related to the newly recruited wood from the cutbank erosion. Due to this 
rearrangement of wood location, the volume of large wood within the low flow channel, even 
just within the TLS coverage, increased to 1.92 times its previous amount. When including the 
SfM extent, total large wood volume and total large wood surface area increased 1.33 and 1.47-
fold, respectively.  
4.3. DISCUSSION 
4.3.1. General Results and Interpretations 
In dam removal events, the reservoir itself can provide important contextual indications 
of the nature of resulting impacts. For example, reservoirs with small aspect ratios often are more 
efficient at clearing sediment (Major et al., 2017). Mill Pond’s aspect ratio, at 0.49 stands out on 
the higher end of cases. However, comparatively wide reservoirs such as Mill Pond may instead 
see efficient erosion through lateral activity and channel movement (Major et al., 2017). Mill 
Pond seems to fit the latter scenario: a wide reservoir (relative to many others) with potential for 
a laterally active sediment bed. Restoration activities and the sediment management plan, 
however, involved quickly excavating and then stabilizing a new channel along the reservoir’s 
bed, which undoubtedly limited lateral erosion. Overall, my findings suggest relatively limited 
sediment-driven impacts from removal on the study reaches. The response of Sullivan Creek to 
the sediment pulse did not involve extensive aggradation, as reported in many other studies, also 
following dam removals (East et al., 2018; Miller and Benda, 2000; Tullos et al., 2014). 
However, available evidence suggests that there was an effective transfer of sediment past the 
study reaches. The growth of tributary mouth bar deposits (progradation of ~200 m between June 
2017 and June 2018) where Sullivan Creek enters the Pend Oreille River clearly point to 
substantial yield of sediment following dam removal. The section of Sullivan Creek downstream 
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of our study sites is not a likely source of that sediment, given that it flows constrained laterally 
by bedrock gorge and the bed and banks are made primarily of coarse boulders and bedrock 
outcrops. A similar, efficient transport of mobilized reservoir sediment has occurred in other 
large dam removals such as those on the Elwha River (East et al., 2015). I infer that the 
combination of extreme freshet flows along with the fine nature of sediment enabled such rapid 
sediment transfer over the distance of 6.20km between the reservoir and Sullivan Creek mouth. 
The anomalous, convex-up profile of lower Sullivan Creek might have further contributed to this 
outcome. In contrast to a typical river profile, Sullivan Creek’s gradient becomes steeper closer 
to the mouth which would promote more efficient sediment translation. I also attribute the 
generally high levels of erosion I recorded, which I discuss below, to the large flood.  
Mill Pond impounded sediment consisting primarily of silt and small amounts of gravel 
and sand, as indicated by core data (Federal Energy Regulatory Commission, 2011). Coarser 
sediments moving downstream mostly became entrapped at the upstream delta of Mill Pond, 
where Sullivan Creek entered. These deposits were slowly prograding into Mill Pond prior to 
dam removal. While some of these coarser sediments were mobilized during the staged removal 
and freshet, drone images collected upstream of the study reaches show newly formed bars up to 
about 500 m downstream of the former dam site.  This suggests that little if any of the coarse 
sediment has not yet reaches the study reaches and that, so far, these reaches were affected, 
primarily, by finer material.  
Two dimensionless variables , E* and V* (Major et al., 2017), further help constrain and 
contextualize the setting of this removal event. V* compares the total stored volume to the 
average annual sediment flux of the system. Mean annual sediment flux can be taken as the total 
amount of stored in the pond, divided by the number of years the dam existed, that is 107. 
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Therefore, theoretically, V* can be equaled to the number of years that the dam existed, which is 
what I used for this analysis (107 years). The ratio E* compares the amount of sediment released 
from the reservoir within the first year after removal to the average annual sediment load. My 
estimates of total sediment passing through the system in the first year after removal are based on 
two approximations. First, a FERC report (Federal Energy Regulatory Commission, 2011) 
anticipated 30,500 m3 of fine sediment to be removed due to restoration activities involving the 
active excavation of a new channel in the reservoir bed. Given the large flood that ensued the 
following spring, I speculate that this figure is likely on the low end. Second, my approximate 
determinations of new fine sediment deposited at the tributary mouth bar of Sullivan Creek into 
the Pend Oreille River, based on surface area and bankfull depths of the terminal subreach, are 
35,960 m3. These figures suggest a minimum of that amount of fine sediment travelling through 
the reach. A maximum amount can be estimated by assuming that the streambed extends beyond 
Sullivan Creek’s mouth, into the confluence, at the same slope as the terminal reach of the creek. 
This calculation yields an estimate ~77,000 m3. Considering these figures, Sullivan Creek’s E* 
equals 4.28-10.95. If active measures to stabilize reservoir sediments were not conducted, E* 
would likely be significantly higher. This estimated range of E* values places Mill Pond removal 
somewhere in the mid-range of the dam removals reviewed by Major et al. (2017). However, 
most of those studies reported significant aggradation and morphological changes that seem to be 
more pronounced that what I observed downstream of Mill Pond.  
4.3.2. Reach B: Discussion 
Restoration work that took place at reach B during the fall of 2017 complicates the 
interpretation of the changes that took place in this reach, as it occurred after the first survey but 
before the winter reservoir releases, spring floods and the second (2018) survey. It is impossible 
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to parse out all exact erosional changes from the 2018 survey data to specifically attribute them 
to restoration activities or the spring flood. However, sequential images from three ground-level 
cameras that my research team placed at the reach in 2017 provide some benchmarks to aid 
interpretation. Specifically, images that were taken before the large spring flood, but after 
restoration activities at this reach had concluded in mid fall 2017, help to qualitatively 
understand the contribution of change which I can trace to the restoration work and the amount 
which I can trace to the flood. Specifically, I was able to use these images to qualitatively assess 
changes in the spatial extent of bar b1 and the bar top elevation by relating it to nearby features 
that did not change between fall of 2017 and the 2018 data collection period. I further refer to 
these images in the rest of the discussion below.  
The most significant finding from this reach is that substantial erosion was detected, 
despite the influx of sediment passing through the reach during the removal and flood. Bar b1 
was the focus of most of this erosion. The ground-level trail camera photos point to relatively 
modest changes to the bar during the restoration despite quite substantial earthworks occurring 
directly on the bar’s surface. The edge of the bar was somewhat reduced, presumably to maintain 
the channel’s original width despite the revetment construction (see imagery at figure 4.1, or 
figure 2.6 for DoD). As previously mentioned, the elevation of the bar top was estimated based 
on its proximity to features such as elevated rocks and tree branches which persisted to the 2018 
survey. The vertical level of the bar top has decreased between 2017 and 2018 by up to ~1 m, but 
generally 0.5 m or less.  Although the erosional changes due to restoration work amount to a 
rough approximation, these approximations strongly suggest that bar surface elevation changes 
in between the first survey and the after the restoration work did not exceed 1 m and were 
substantially less than the net change between the surveys. With this in mind, I can deduce that at 
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least some of the bar b1’s substantial decreases in elevation that are apparent from DoD and 
cut/fill analyses can be attributed to the flow events after dam removal. 
The net erosional changes of 295.48 m3 in this reach, based on TLS data, are surprising 
when considering the initial coarse nature of the reach in tandem with all the sediment released 
from Mill Pond. The sediment budget for this reach was positive (295 m3 of negative change 
compared to 500.90 m3 of positive change), but almost all the “depositional” aspect of this 
budget took the form of the revetment construction. The clear erosional changes are undoubtedly 
a result of exceptional flow forces during the extreme spring flood, and to some extent also likely 
due to the disruption of stabilizing bed structures within the bar that occurred during restoration. 
The high magnitude flow forces were caused by extreme discharge (return interval 10-50 years, 
depending on which gaging station record is used) but also by the morphological characteristics 
of the channel. Ground-level imagery points to a topographic steering of the flow as it steered 
around the bend at the bar top, which led to flow convergence at the riffle crest. Images of flow 
events during the fall of 2017 indicate that the bar was not entirely overtopped, and the bar 
supra-platform area seemed to only experience shallow flow and limited flow forces, with the 
core of high velocity shifted closer to the outer bank and revetment. These findings align with 
those described at a point bar studied by (Legleiter et al., 2011). These fall flow events also 
resulted in the deposition of several large wood pieces near the bar apex, which might have 
provided additional protection from flow for the bar. Of note, this wood was deposited in a 
remarkably similar location to the log jam that was removed during restoration. According to 
drone photography and TLS data from the 2018 survey, the large spring flood also deposited 
more wood at this location. The sequential ground-level photographs indicate that no major 
changes to the bar took place during the Sullivan Lake water releases nor any rainfall-driven fall 
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flow events, as individual cobbles remained in the same places on the bar. Thus, bar erosion and 
deposition during this period was likely very limited.  
Channel response was dramatic during the Spring freshet. The peak flow during this 
period far exceeded the peak flows of the Sullivan Lake releases and fall rain events. The mean 
daily discharge of the fall flow events ranged from about 12.7-17.0 m3/s, while the freshet mean 
daily discharge reached about 54.0 m3/s. Respective peak flows reached 19.86 m3/s and 60.63 
m3/s (see figure 1.1). During the freshet, the flow completely overtopped bar b1, and the flow 
direction observed in trail camera imagery suggests that topographic steering weakened near the 
bar. The intense flow conditions also removed the new wood deposits, further exposing the bar. 
Multiple boulders with a caliber in excess of 0.5 m were moved during the freshet event too. For 
a mountain stream like Sullivan Creek, a conservative assumption of critical Shields stress is 
between 0.045 and 0.06 (Church et al., 1998; Lamb et al., 2008; Mueller et al., 2005), which 
implies bed shear stress values of at least 310-470 Pa (assuming the density of sediment is 
between 2400 kg/m3 and 2600 kg/m3). These extreme forces ostensibly led to modest truncation 
of the bar width through the alteration of the bar head and edge.  
The impacts of the freshet’s extreme flow were likely exacerbated by the breakup of 
sedimentary structures in bar b1 during restoration work. According to my visual observations 
prior to the restoration work that took place in this reach, the bed was composed of tightly-
packed, interlocking cobbles and abundant boulders, a bed state typical of low sediment supply 
(Church et al., 1998; Laronne and Carson, 1976). The high contact forces that exist under these 
conditions result in greatly reduced potential for bed material mobilization (Church et al., 1998; 
Hassan and Church, 2000). Sullivan Creek’s low sediment supply is in part due to its coarse 
valley floor material, some of it glaciogenic in provenance, and the reinforcement by the root 
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system of the riparian forest (Cienciala et al., 2020). These sediment-starved conditions are 
amplified below the dam (Kondolf, 1997) in lower Sullivan Creek. This is especially true 
considering numerous subreaches between the former Mill Pond and Sullivan Creek’s outlet into 
the Pend Oreille River are bedrock-controlled. Even more locally, the rip-rap revetment in reach 
B prevents sediment recruitment into the channel. Excavation of a chute channel to provide a 
flow bypass during the rip-rap placement, along with the movement of heavy machinery on top 
of bar b1, which was observed in trail camera imagery, likely contributed to the destruction of 
interlocking bed structures, which could contribute to significant sediment mobilization 
(Oldmeadow and Church, 2006). The results of these impacts seem to be most clearly manifested 
at the head and outside edge of bar b1, where the flow forces were the highest and where clear 
truncation has occurred (see figure 4.1 for imagery or figures 2.6 and 4.4 for DEMs and DoDs). 
On the other hand, the modest rainfall-driven flow events that occurred in the fall presumably 
preconditioned the surface of bar b1, which, under somewhat lower shear stress conditions 
would allow some reforming of bed structures (Hassan and Church, 2000; Oldmeadow and 
Church, 2006).  
As mentioned previously, this reach underwent a net positive topographic change, but 
excluding the revetment construction, I interpret there to have been very little deposition. This 
interpretation is based on careful analysis of ground-level imagery, drone-based orthophotos, and 
TLS-based DEMs (and DoD). The DoD reveals that the rip-rap construction accounted for vast 
majority of the added material (see figure 2.6). Ground-based photos suggest the margin of the 
rip-rap revetment underwent some minor erosion between its construction and the 2018 survey, 
presumably during the freshet. Specifically, a narrow band of coarse gravel lined the base of the 
rip-rap. The preexisting characteristics of the reach likely led to the removal of this gravel-sized 
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material, as flow was generally directed into the revetment and flow convergence occurred with 
the associated riffle. Flow emerging from the riffle then impinged upon the bank in the general 
area of this erosion. The revetment itself, composed of large boulder-sized rip-rap, held up under 
the intense freshet flow conditions. A small area further downstream associated with wood 
placement, along the same bank as the revetment, underwent slight aggradation. This silty 
aggraded sediment was likely deposited during receding freshet flow, but it makes up a very 
minute proportion of total deposited sediment.  
Overall, the channel within reach B exhibited some changes in its bulk characteristics, 
but none extensive. Initially low-gradient reaches (≤ 0.0006) often exemplify changes in gradient 
after dam removal events (Major et al., 2017), specifically undergoing an increase in slope when 
changes are associated with amplified sediment thicknesses (Zunka et al., 2015). Reach B did not 
display increased sediment deposit thicknesses, nor did it have a low gradient as defined above. 
The slope of the reach remained almost constant between surveys, near 0.017. I attribute this 
primarily to lack of significant bed aggradation due to efficient transport of fine sediment and 
lack of substantial hydraulically sheltered areas for it to aggrade. Furthermore, even with the 
slight shifting of the outside bank and the truncation of bar b1, the channel did not augment or 
constrict in length, so slope stayed constant.  
Channel width within the reach increased by 1.1 m on average. I do not attribute this 
change to typical drivers of channel widening observed in other cases. Significant aggradation 
and/or a switch in planform to braided typify other instances of widening (East et al., 2015; 
Major et al., 2017), neither of which occurred here. For the most part, the cobbled surface 
persisted on the channel bed, though some fining did occur, with interstitial pore spaces partially 
filling with fine sediments. This fining is a common (Major et al., 2017), though not universal 
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(Kibler et al., 2011) response to dam removal, and it was anticipated given the composition of 
impounded sediment, and its release into such a sediment-starved setting.  
4.3.3. Reach C: Discussion 
The dam removal and subsequent large flood resulted in much different impacts for reach 
C, though significant erosion also took place there. Reach C did not undergo direct restoration 
work, so I can more precisely constrain the causes of the recorded impacts. Ground-level photos 
were once again helpful in provided insights for interpretations at this reach. All available 
evidence from TLS, orthomosaics, and ground-based images point to several interacting factors 
that led to the extensive erosion along the outer bank in this reach. Topographic steering around 
bar c1 directed flow towards the outer bank. Given the large flow depth, the massive log jam on 
this bar contributed to deflection and convergence of flow (Abbe and Montgomery, 2003), 
despite its location high up on the bar platform (Figure 4.2). This steering resulted in the flow 
impinging on the outer bank at a sharp angle. I did not collect any hydraulic data, but past 
research on the hydrodynamics of curved channels indicate that these conditions may produce a 
secondary circulation in addition to primary flow, with outward-directed flow near the surface 
and inward-directed flow near the bed (Bathurst et al., 1977; Blanckaert, 2011; Dietrich, 1987; 
Dietrich and Smith, 1983; Frothingham and Rhoads, 2003; Thorne et al., 1985). The focusing of 
flow at a sharp angle into a bank may result in high vertical velocities and subsequently 
advection of momentum towards the bed. This in turn would contribute to increased rates of 
erosion along the bed and lower bank (Blanckaert, 2010; Blanckaert and Graf, 2004; 
Frothingham and Rhoads, 2003). The ground-level imagery seems to confirm that the outward 
surface flow I have interpreted to have occurred at reach C is consistent with the above hydraulic 
model of bends in meandering channel. Furthermore, past studies indicate that the presence of 
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large wood may strengthen helicoidal, curvature-induced flow (Daniels and Rhoads, 2003), 
especially at high stages (Daniels and Rhoads, 2004). Data from the 2017 survey and the 
sequential ground-based images suggest that a few channel-spanning, advected large wood 
pieces initially blocked a small portion of the thalweg above and in near the bank, but these 
pieces were seemingly quickly displaced and transported downstream at the onset of high flows. 
Conversely, the large, bar-anchoring log jam that contributed to flow deflection (on bar c1) 
remained almost completely unchanged. TLS data suggests virtually no movement or shifting 
within the bulk of this jam.  
The composition and strength of the bank material is the second factor that contributed to 
the notable erosion and retreat. Sullivan Creek, like many mountain streams (Malik and Matyja, 
2008), has generally erosion-resistant banks, which contributes to its lateral stability (Cienciala et 
al., 2020). In this specific stretch of reach C, however, thick strata of fine materials overlay a 
layer of coarser alluvium. The lower layers of this fine sediment, primarily silt, appear to contain 
fairly cohesive material, while the top stratum, though also fine (containing gravel-size 
fractions), is mostly unconsolidated. I did not conduct any proper sedimentological assessment of 
the bank material, but eroded exposures, and surficial soil and geology maps (Washington State 
Geological Survey, USDA Soil Survey) indicate that much of the material along this stream 
section consists of Quaternary glacial drift, or colluviated drift. Regardless of provenance, the 
upper bank material is likely very vulnerable to extensive erosion, especially as undercutting of 
the lower layers occurs. Field evidence also suggests that sapping and piping, due to cohesive 
sediment restricting vertical drainage, further weakened the banks and potentially exacerbated 
erosion. Furthermore, the shallow root system (assessed as ~ 0.5 m) did little to reinforce the tall 
banks. Cohesion attributed to the presence of roots is known to be an important factor in bank 
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stability (Abernethy and Rutherfurd, 2001, 2000; Eaton and Giles, 2009; Hickin, 1984; Millar, 
2000). The shallow depth of roots (~0.5 m) compared to the total height of the bank, which 
varies from 1.7-2.3 m result in little reinforcement from their root structures. This presumably 
ties into the high amount of wood that was recruited into the channel from this bank. Prior work 
in the watershed suggests that riparian vegetation is locally a strong control on patterns of bank 
erosion and avulsion incidences (Cienciala et al., 2020).  
The erosion of this bank coincided with some degree of bank retreat. The erosion, 
however, was also associated with an avulsion event. Here I use the term “avulsion” in a general 
sense, in that I interpret that erosion resulted in the shift of at least an anabranch of the channel 
and not necessarily the entire channel (Jones and Schumm, 1999; Leddy et al., 1993). In this case 
it may have taken the form of a “partial avulsion”, in that a substantial portion of discharge was 
diverted, but the old channel was not wholly abandoned (Slingerland and Smith, 2004). The 
newly avulsed channel roughly took the course of a small, stagnant and partially-backfilled side 
channel on the inner bank of bar c2 (Figure 4.2). Erosion of the bank began to impinge on the 
entrance to this small side channel, at which point the flow likely breached through and largely 
flowed through this path, greatly widening and scouring the course in the process. By the time of 
the 2018 survey, though, the flow was split, with similar discharge following the new branch and 
the branch that resembled the 2017 course, but which shifted downstream and increased in 
sinuosity due to the dramatic growth of bar c1 (more on sinuosity below). It appears that 
sometime after the initial avulsion event, the wood freshly recruited from the riparian trees 
settled near the bifurcation point, directing modest flow amounts away from the new anabranch 
(Figure 4.2). This likely contributed to the growth of bar c2 and the recuperation of substantial 
discharge in the original channel. The deflection of flow once again led to another area of 
65 
 
undercutting of the outside bank. This area, opposite of the upstream half of bar c2, experienced 
only modest impacts. The bank here was much lower and coarser, which allowed for effective 
buffering by cobbles and tree roots. This interpretation is in line with my posited contributing 
factors for the excessive erosion that occurred on the higher bank.  
The overall sediment budget observed in reach C greatly contrasts that of reach B (Figure 
4.7). When the positive topographic changes due to the revetment placement in reach B are 
overlooked, almost all the change in that reach was erosional. Reach C, however, was net 
depositional despite all the erosion that occurred. The deposition in reach C was localized, 
almost exclusively concentrated in a couple of bars, with bar c1 being the most substantial 
sediment sink. Bar c1 accounted for a vast majority of the total sediment deposition, 73% based 
on just TLS data and, when taking into account the infilling of the 2017 channel, bar c1 accounts 
for 79% of the total deposition in this reach. Since much of the bank erosion at this reach 
occurred downstream of or right adjacent to bar c1, I do not attribute the deposited sediment to 
originate from reach C. The obvious potential source is that this sediment is part of the pulse 
released during the dam removal. Fine sediment deposits (largely silt and fine sand) on bar c1 fit 
the descriptions of cores taken from the reservoir. However, some coarser particles (mostly 
gravel) found within the fine matrix initially seemed out of place since only fine sediment was 
likely to travel all the way from the reservoir through reach C by the 2018 survey. I suspect that 
reaches upstream, including reach B (e.g. erosion of the point bar) may be the source of at least 
some of these other coarser components. The presence and specific location of large wood in 
reach C served as a major control on the immense deposition that occurred. Large wood exerted 
both direct and indirect effects on the reach. The wood directly created a strong eddy in its wake. 
Though obviously not inundated during low flows, the flow pattern inferred from the ground-
66 
 
level imagery may suggest that bar C1 was the location of recirculation and lower velocities 
during higher flows, which in turn promoted sediment deposition. Indirectly, the growth of 
colonizing plants atop the bar is promoted by the shelter that the wood provides from flow 
forces, which is in line with prior observations in larger rivers (Collins et al., 2012; Gurnell et al., 
2005). In the Sullivan Creek watershed, sitka alder (Alnus sinuata) is typically the primary 
pioneer plant of bar platforms. Wood and the presence of vegetation both act as efficient 
mechanisms to create conditions of flow resistance that stimulate sediment deposition. 
Given the morphological complexity of this reach, the drivers of sediment deposition are 
likely varied. I interpret the hypothesized recirculation zones that likely formed in the lee of the 
large log jam, as previously mentioned, to be a chief generator of captured sediment on bar c1. I 
suspect, in the absence of actual hydraulic measurements, that the process that took place in 
reach C may resemble what is described for separation and reattachment bars in recirculation 
eddies on the Colorado River, where sediment advected across the shear layer in its downstream 
portion (Rubin et al., 1990; Schmidt, 1990; Schmidt et al., 1993). Helical flow, which as 
interpreted above, can develop with a large wood obstruction in curved flow, may also have had 
a significant impact on sediment deposition. Typical models of helicoidal flow structures 
describe inward flow direction near the bed, but in some cases these structures may not extend 
past the deepest part of the channel (Blanckaert, 2010). Sediment organization indicators such as 
imbrication on the supra-platform of bar c1 suggest the presence of some cross flow directed 
towards the inner bank. These subtle indications are treated as such, though, they may have been 
caused by transient wood that temporarily created local deflections in flow before being 
transported further downstream. Given the preponderance of loose small to mid-sized wood 
pieces remaining on the bar even at the time of the 2018 survey (Visible on bar c1 in figure 4.2), 
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this interpretation is not unwarranted. Other bars in this reach include a lateral bar near the 
upstream extent of the reach, bordering reach B and a (bar c2) further downstream. The lateral 
bar near the upstream extent was truncated a bit near its top between surveys, but seemingly kept 
much of its coarser material. Bar c2, underwent enormous change, with much of its extent 
translating downstream. The reshaped bar c2 in 2018 survey seems to be consistent with the 
model of bar formation by large wood or downed trees with root wads (Abbe and Montgomery, 
2003, 1996). Wood recruited from the eroded bank settled along points of the bar which 
prevented major reductions in total size. In fact, bar c2 grew between the two surveys.  
Measured changes to the channel in reach C were more considerable than in reach B. The 
gradient lowered by 3.2%, and the sinuosity increased by 3.7%. I attribute both changes solely to 
the extension of bar c1, as this change effectively lengthened the channel. Previous findings that 
suggest a trend of lowering relief in initially high-relief reaches where sediment thickness 
increases (Zunka et al., 2015) seem to marginally align with what I recorded in reach C, but the 
amplified sediment thicknesses seen in bar c1 and bar c2 were localized and not a comprehensive 
trait of the reach post removal. Though there was more deposition in reach C than reach B, it was 
still insufficient to drive a planform change to braiding, or appreciable bed aggradation. As these 
two conditions are commonly relate to channel widening (East et al., 2015; Major et al., 2017), 
which was not the case in this reach. In fact, the channel decreased in average width in reach C. 
Though most of the reach remained similar in terms of width, a few small sections of increased 
constriction resulted in the 2.08 m average decrease in width. These specific constriction points 
are confined to the sections where bar growth occurred. These points, along with natural 
constrictions like bedrock exposures, were also the spots within reach C with less notable fining. 
Similarly to reach B, fining occurred in reach C, but to a greater extent overall. The subreach 
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segment containing bar c1 included the most substantial fining. Silt filled interstitial pore spaces 
and largely buried bed load cobbles here (Figure 4.8). This finding, as mentioned with reach B, 
was anticipated given the content of the of the reservoir fill (Kibler et al., 2011; Tullos et al., 
2014).  
4.4 CONCLUSIONS AND TAKEAWAYS  
Methodological findings from this study on change detection ability of close-range remote 
sensing techniquesare consistent with results of previous work. Although SfM techniques are more 
time effective in the field than TLS, they appear to perform more poorly in detecting changes in 
steep, topographically complex areas where changes of high magnitude in fluvial systems often 
take place (e.g, cut banks, around large wood). The complimentary assets of vegetation penetration 
(TLS) and bathymetry detection (SfM) render the two techniques ideal for fusion. Previous 
examples of TLS/SfM synthesis have proven successful within geographic contexts with less 
topographic complexity than that encountered in this study. The results of the present study 
indicate that successful fusion of TLS and SfM can be obtained where more complex topography 
and challenging data capture environments are involved. SfM and TLS generally performed within 
5-10 cm of each other in terms of vertical change detection based on mean error and mean absolute 
error.  
 The TLS/SfM fusion workflow plays to strengths of each technique. In this workflow, TLS is 
used to map exposed topography and SfM is used to map bathymetry. Though TLS collection is 
time-intensive, time is saved in field campaigns through the fusion workflow because GCPs are 
not needed for the SfM component. Also, legacy image sets that lack supplementary oblique 
photos can be seamlessly incorporated into the SfM analysis, without introducing the doming 
artifact characteristic of these datasets.  
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In terms of morphological changes, Sullivan Creek exhibited a relatively muted response to 
dam removal and the subsequent flood compared to other documented cases of large dam removal. 
Overall, many typical sediment-driven impacts, such as aggradation, planform change, and 
incision, did not occur. The bed material did fine in both reaches, but, qualitatively speaking, not 
to a great enough extent to drive morphological change. Reach C, the more morphologically 
complex and wood-rich reach, underwent more conspicuous changes compared to the less complex 
reach B. Wood and complex morphology created hydraulically sheltered areas and steered flow 
into the banks. These effects resulted in morphological change, most notably the expansion of bar 
c1 and related bank erosion and pseudo-avulsions. 
Given the magnitude of the freshet flood event following the dam removal, more impactful 
morphological changes were anticipated. Distributary mouth bar deposits at the mouth of Sullivan 
Creek, however, aid in illuminating the reasons for the generally subdued response. Rough 
volumetric calculations of these deposits point to at least ~36,000 m3 and as much as ~77,000 m3 
of sediment passing through the watershed. Given the largely fine caliber of sediment in the 
removal-driven pulse, and the extreme increase in flow competence during the flood, this material 
likely was transported efficiently through the system. Coarse fractions of dam-related sediment 
(deltaic deposits) appear not to have moved downstream into the study reaches. The combination 
of these factors clarifies the surprising lack of sweeping morphological changes upstream. These 
findings diverge from traditional models of the impact of sediment pulses on fluvial systems, but 
the response of Sullivan Creek can be accounted for by the relation between the high transport 
competence and capacity of the creek in relation to the fine-grained nature of the sediment 
constituting the pulse.  
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4.5. FIGURES AND TABLE 
Figure 4.1. Orthomosaic images of reach B in 2017 (top) and 2018 (bottom) 
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Figure 4.2. Orthomosaic images of reach C in 2017 (top) and 2018 (bottom) 
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Figure 4.3. SfM-based DEMs of reach B (colored) with surrounding DSMs for context- 2017 (top), 2018 (bottom) 
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Figure 4.4. TLS-based DEMs of reach B in 2017 (top) and 2018 (bottom) 
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Figure 4.5. SfM-based DEMs of reach C (colored) with surrounding DSMs for context- 2017 
(top), 2018 (bottom) 
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Figure 4.6. TLS-based DEMs of reach C- 2017 (top), 2018 (bottom) 
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Figure 4.7. Volume of eroded and deposited sediment in each reach between survey periods. The areas labeled “cut” and “fill” are 
precise and based off TLS point clouds. The “Approx. Additional Cut” area is based off the average bathymetry from 2017 SfM, 
applied to the area covered by 2018 channel but not 2017 channel. The “Known Additional Fill” area is based off known bathymetry 
from 2017 SfM and was applied to the area not covered by 2017 channel but covered by 2018 channel. The panel on the right 
accounts for adjust fill volumes in reach B when the revetment is discounted. 
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Table 4.1. Known large wood parameters (TLS extent) and additional calculated large wood 
parameters (added SfM extent) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Total LW Surface Area 
(TLS & SfM Extent) 
Reach Surface Area (m2) 
Total LW 
B 2017 68.76 
B 2018 93.88 
C 2017 328.36 
C 2018 484.25 
LW Volume 
(TLS Extent) 
Reach Volume (m3) 
Total LW 
B 2017 17.21 
B 2018 22.61 
C 2017 87.48 
C 2018 73.71 
Bankfull LW 
B 2017 16.80 
B 2018 15.21 
C 2017 74.86 
C 2018 62.66 
Low Flow LW 
B 2017 0.77 
B 2018 3.64 
C 2017 11.08 
C 2018 21.21 
LW Surface Area 
(TLS Extent) 
Reach Surface Area (m2) 
Total LW AW 
B 2017 44.42 52.43 
B 2018 80.42 87.86 
C 2017 262.08 514.34 
C 2018 242.48 509.81 
Bankfull LW AW 
B 2017 42.04 50.04 
B 2018 55.79 63.35 
C 2017 211.97 433.82 
C 2018 184.82 438.50 
Low Flow LW AW 
B 2017 3.81 4.44 
B 2018 7.57 8.00 
C 2017 32.22 97.82 
C 2018 31.16 66.88 
Total LW Volume 
(TLS & SfM Extent) 
Reach Volume 
(m3) Total LW 
B 2017 62.39 
B 2018 68.01 
C 2017 241.18 
C 2018 321.65 
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Figure 4.8. Newly deposited fine sediment filling interstitial spaces. The box represents 1 m2 
 
Figure 4.9. Bar c1 in 2017 (left) and 2018 (right), displaying fining. Pictures for reference and 
are not of the same scale 
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